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SUMMARY 
six Borsicl/aluminum  laminate  orientations ( r  06]T, [906]T, 1 (+45) 2]sl 
were  tested  in  tension,  compression,  and  shear  to  determine  stress  and  tangent 
modulus as a  function  of  strain,  maximum  stress  and  strain,  and  Poisson's  ratio 
of the  laminates  at  room  temperature, 505 K (45O0F)t  and at  an  intermediate 
temperature of either  422 K (300OF)  or  450 K (35OOF).  Mechanical  properties 
in  tension  were  determined  from  flat-tensile  and  sandwich-beam  tests.  Room- 
temperature  flat-tensile  tests  were  performed on laminates  in  the  'as-received" 
condition  to  provide  a  comparison  with  results  from  specimens  exposed  to  a 
braze-temperature  cycle.  Sandwich-beam  tests  were  also  used  to  determine 
mechanical  properties  in  compression.  Shear  properties  were  determined  from 
biaxially  loaded,  picture-frame  shear  specimens. The test  apparatus  and  proced- 
ures  are  described  and  stress  and  tangent  modulus  are  presented a  a  function 
of  strain  by using'either  the  Ramberg-Osgood  equation or a  bimodular  equation 
developed  in  the  report.  Maximum  stress  and  strain  and  Poisson's  ratio  are 
presented  in  tables  for  each of the  laminates. 
90/0/90/0] S, [ O/f45] S, and [ 02/f45] S) exposed  to  a  braze-temperature  cycle 
INTRODUCTION 
Recent  studies  (refs. 1 to 7) for  supersonic-cruise  vehicles  demonstrated 
the  feasibility of fabricating  low-mass  structural  panels  from  diffusion-bonded 
6061  aluminum  alloy  reinforced  with  silicon-carbide-coated  boron  filaments 
(Borsic/aluminum  laminated  composite  material  denoted  hereinafter as Bsc/Al). 
Following  evaluation  of  several  joining  methods  (ref. 2 )  , brazing  was  selected 
as  the  process  with  the  greatest  potential  for  fabricating  efficient  complex 
structures  from  Bsc/Al.  Full-scale  structural  panels  with  Bsc/Al  skins  brazed 
to  titanium  honeycomb  core  were  successfully  designed,  fabricated,  and  tested 
to  meet  the  requirements of  an upper  wing  panel  for  the  NASA  YF-12  airplane 
(refs.  3  and 7 ) .  
The  material-property  data  used  in  references 1 to 7 were  obtained  from 
reference 8 or from  limited  data  (usually  one  type  of  loading  of  a  specific 
laminate)  obtained  during  the  referenced  studies.  Also,  a  literature  survey 
has  indicated  that  there  is  insufficient  material-property  data  available  for 
Bsc/Al  laminates  subjected  to  a  braze-temperature  cycle.  Therefore,  the 
present  study  was  initiated  to  obtain  material-property  data on Bsc/Al  lami- 
nates  at  room  and  elevated  temperature  after  being  subjected  to  a  braze- 
temperature  cycle,  and  to  provide  the  type  of  data  normally  required  for  the 
design of statically  loaded  structures.  Six  Bsc/Al  laminate  orientations 
were  tested  by  loading  them  to  failure  in  tension,  compression,  or  shear  to 
determine  tangent  modulus,  maximum  stress  and  strain,  and  Poisson's  ratio. 
Tensile  properties  were  determined  from  flat-tensile  specimens  and  sandwich- 
__ - - - - "_ - ~ ~~~ 
'Borsic:  registered  trade  name of  United  Aircraft  Products,  Inc. 
beam specimens of t h e  type described i n  r e f e r e n c e  9. Compression properties 
were also de termined  from sandwich-beam  specimens,  and  shear properties were 
determined from b i a x i a l l y  loaded, picture-frame specimens of t h e  t y p e  d e s c r i b e d  
i n  r e f e r e n c e  10 .  A test m a t r i x  is p r e s e n t e d  i n  table I t h a t  shows t h e  B s c / A l  
l a m i n a t e s   e v a l u a t e d ,  test temperatures, types of tests, a n d   t h e  number of speci- 
mens t e s t e d .  I n  t h i s  report the   spec imens   and   techniques   used  are d e s c r i b e d ,  
and  the  da t a  are p resen ted  bo th  by c u r v e s  i n d i c a t i n g  stress and tangent modulus 
as a f u n c t i o n  of s t r a i n  and by tables i n d i c a t i n g  P o i s s o n ’ s  ratio, maximum 
stress, a n d   s t r a i n .  
Use of trade names or m a n u f a c t u r e r s  i n  t h i s  report does n o t  c o n s t i t u t e  a n  
o f f i c i a l  e n d o r s e m e n t  of such  p roduc t s  or manufac tu re r s ,  e i t he r  expres sed  or 
implied,  by the  Na t iona l  Aeronau t i c s  and  Space  Admin i s t r a t ion .  
s YMBOLS 
Measurements   and   ca lcu la t ions  were made i n  t h e  U.S. Customary  Units.  They 
are p r e s e n t e d  h e r e i n  i n  t h e  I n t e r n a t i o n a l  S y s t e m  o f  U n i t s  (SI )  wi th  the  equ iva -  
l e n t  v a l u e s  g i v e n  p a r e n t h e t i c a l l y  i n  t h e  U.S. Customary Units .  
A r B r N  c o n s t a n t s   i n  Ramherg-Osgood e q u a t i o n  (see eq. ( 1 ) )  
C c o n s t a n t   i n   b i m o d u l a r   s t r e s s - s t r a i n   e q u a t i o n  (see eq. ( 2 a ) )  
E tangent   modulus   in   t e s ion   and   compress ion  
G t angen t   modu lus   i n   shea r  
T temperature 
Y s h e a r   s t r a i n  
E n o r m a l   s t r a i n  
A€ s t r a i n   o v e r   t a n s i t i o n   r e g i o n   d e f i n e d   i nf i g u r e  8 
EO s t r a i n   d e f i n e d   i n   f g u r e  8 
“1 s t r a i n   d e f i n e d   i n   e q u a t i o n   ( 2 b )  
1-I P o i s s o n ’ s  ra t io  
0 normal stress 
T s h e a r  stress 
S u b s c r i p t s :  
IIHX maximum 
2 
min  minimum 
0 initial 
Notation  for  laminate  orientation: 
The  cross-ply  angles  are  listed  in  the  order  of  layup,  separated by   
slash,  with  the  entire  listing  enclosed  within  brackets.  Where  there is 
more  than one  consecutive  lamina  at  any  given  angle,  the  number  of  laminae 
at  that  angle  is  denoted  by  a  numerical  subscript  within  the  brackets.  Sub- 
script S outside  the  brackets  denotes  symmetric;  for  example, [O/f451 s means 
[0/+45/-45/-45/+45/0]. Subscript T outside  the  brackets  denotes  total;  for 
example, [ 061 T means r o/o/o/o/o/o/~ . 
LAMINATE  FABRICATION 
The Bsc/Al  composite  sheet  material  was  consolidated  from  0.1422-mm 
(0.0056-in.)  diameter  boron fibers  coated  with  12.7-Pm  (0.0005-in.)  thick 
silicon  carbide  and  imbedded  in  a  6061  aluminum-alloy  matrix.  Both  six-  and 
eight-ply  sheet  material  were  consolidated  by  diffusion  bonding at 800 K 
(980OF)  and  28.0  MPa (4000  psi)  pressure  with  the  thickness  of  each  ply  being 
nominally 0.19 mm (0.0075  in.). The fiber  orientation  of  each  ply  in  the  con- 
solidated  sheets  was  such  that  the  plies  were  balanced  and  symmetrical  about 
the  center  line  of  the  sheet. Six  different  ply  orientations  were  investigated 
and  are  identified  in  table  I1  by  ply  orientation,  number of  plies,  and  the 
percent  of  fiber  volume  in  the  laminate.  Note  that  some  of  the  sheets  have 
0.127-mm  (0,005-in.)  thick 1100 aluminum-alloy  diffusion  bonded  to ne surface. 
It  was  shown  in  reference  3  that  the  1100  A1  surface  prevents  silicon  from  dif- 
fusing  out  of  the  braze  alloy  into  the  matrix  which  can  cause  degradation  of 
both  the  matrix  and  fiber  following  brazing.  The  fiber-volume  fractions  of  the 
laminates  are  lower  than  the  optimum  48-percent  fiber-volume  fraction  because 
of  the  aluminum-rich  outer  surfaces.  All  sheets  in  this  investigation  were  con- 
solidated  by  the  same  material  supplier,  Amercom,  Inc. 
CONFIGURATION AND FABRICATION OF TEST  SPECIMENS 
Flat-Tensile  Specimens 
The  configuration  of  the  flat-tensile  specimen  is  shown  in  figure 1. The 
specimens  were  cut  from  the  Bsc/Al  sheet  material  by  using  a  diamond-impregnated 
circular-saw  blade  and  a  feed  rate  of  approximately 12.7 mm/min  (0.5  in/min). 
Fiber-glass  tabs  were  bonded to  the  ends  of  the  specimens  for  gripping  during 
the  tests. 
Sandwich-Beam  Specimens 
The  configuration  of  the  sandwich-beam  test  specimen  is  shown  in  figure 2.
The test  specimens  were  composed  of  a  Bsc/Al  composite  test  face  sheet,  a  face 
sheet of 0.318-cm  (0.125-in.) thick  Ti-6Al-4V  titanium  alloy,  and  a  vented 
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honeycomb  core  of  Ti-3A1-2.5V  titanium  alloy. The  core  was  composed  of  honey- 
comb  of two  different  densities.  The  higher  density  core  was  used  on  the  ends 
of  the  test  specimen  to  provide  shear  stiffness,  and  the  lower  density core in 
the  center  test  section  was  used  to  minimize  the  load  carried  by  the  core  and 
thus  minimize  its  contribution  to  measured  face-sheet  properties. 
The test  beams  were  fabricated  by  splicing  the  lower  density  core  to  the 
higher  density  core  by  spotwelding  adjacent  cell  walls  together.  Core  sizes 
were  prepared  so  that  either  three or four  test  beams  could  be  machined  from 
one  sheet of spliced  material.  The  Ti-6A1-4V  skin  (sheared  to  the  same  width 
and  length  as  the  core),  a  spliced  honeycomb  sheet,  and  a  0.51-INTI  (0.020-in.) 
thick  sheet  of  3004  aluminum  braze  alloy  were  chemically  cleaned  and  subse- 
quently  assembled on a  fixture  for  brazing. The  assembly  was  placed  in  a  vacuum 
furnace  which  was  evacuated  to 1.33  mPa (1 x 10-5  torr)  and  heated  to  908 K 
(1175°F). After  the  temperature  stabilized,  the  assembly  was  heated  to 950 K 
(1250OF)  and  held 5  minutes  to  melt  the  braze  alloy. The  furnace  was  then 
cooled  to  room  temperature,  the  assembly  was  removed,  and  the  honeycomb  core  was 
recleaned  by  vapor  degreasing.  A  sheet  of  Bsc/Al  was  then  chemically  cleaned  by 
using  the  procedures  given  in  reference 2. The Bsc/Al sheet  was  stacked on the 
brazing  fixture  along  with  a  0.25-INTI  (0.010-in.)  thick sheet  of  718  aluminum 
braze  alloy  and  the  honeycomb-core  titanium  face-sheet  assembly.  The  1100 A1
surface  of  the  Bsc/Al  sheet  was  adjacent  to  the  braze  alloy. 
The stacked  assembly  was  placed  in  the  vacuum  furnace,  which  was  evacuated 
to  1.33  mPa (1 x 1 0'5 torr)  and  heated  to  839 K (1 050OF) . After  the  temperature 
stabilized,  the  brazing  furnace  was  quickly  heated  (in  approximately  10  minutes) 
to 861 K (1090OF) and  held  for 5 minutes  to  melt  the  braze  alloy.  The  assembly 
was  then  cooled  rapidly  (in  approximately  10  minutes)  to  839 K (1050OF)  and 
then  allowed  to cool naturally  to  room  temperature  in  the  furnace.  After  the 
panel  was  brazed,  individual  test  specimens  54.6 cm (21.5  in.)  long  and  2.54 cm 
(1.00  in.)  wide  were  electrical-discharge  machined  from  the  panel  and  then 
dried;  measured,  and  instrumented  for  testing. 
Picture-Frame  Shear  Specimens 
A sketch  of  the  picture-frame  shear  specimen is shown  in  figure 3. The 
test  specimens  were  sandwich  panels  consisting of  two  identical  Bsc/Al  cover 
sheets  and  an  aluminum  honeycomb  core  having  a  5 m (0.187  in.) cell  size  and 
a  density  of  128  kg/m3 (8 lbm/ft3). The cover sheets  were  fabricated by  shear- 
ing  the  Bsc/Al sheets to  size  (22.86 cm (9.00 in.) square)  and  then  by 
electrical-discharge  machining  the  corner  cutouts  and  holes  along  the  perimeter. 
The  holes  were  machined  oversize so that  the  load  would  be  introduced  through 
the steel  doublers  and  blocks.  (See  fig. 3.)  After machining, the  sheets  were 
subjected to a  temperature  cycle to simulate  a  brazing  operation.  The  tempera- 
ture cycle was  similar  to  that  for  the  stacked  sandwich-beam  assembly  and  con- 
sisted  of  raising  the  sheet  temperature  to  839 K (1050°F)  and  allowing  the 
temperature  to  stabilize.  The  sheet  temperature  was  then  rapidly  raised  to 
866 K (1100OF)  in  the  vacuum  furnace  and  maintained  for 10 minutes. Then, the 
sheet  was  rapidly  cooled  to  839 K (1 050°F) , and  the  furnace  was  cooled  to  room 
temperature. 
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The  specimens  were  assembled  by  first  bonding  the  steel  blocks  to  the  peri- 
phery of the  honeycomb  material. The  surfaces of the  blocks  to  be  bonded  to 
cover  sheets  were  ground  flat  and  parallel.  The  cover  sheets  were  then  bonded 
simultaneously  to  the  core,  steel  blocks,  and  steel  doublers  at  the  locations 
shown  in  figure 3. Titanium  corner  doublers  were  bonded  into  diagonally  oppo- 
site  corners of the  specimen  to  reduce  local  stress  concentrations  induced  dur- 
ing  loading. The 9602 adhesive  material  was  used  for  the  room-temperature 
specimens,  and FM-34 was  used  for  the  elevated  temperature  specimens. The 
outside  surfaces of the  steel  doublers  were  ground  flat  and  parallel,  and  the 
doublers  and  steel  blocks  were  drilled  for  attaching  to the load  fixture. 
TEST  APPARATUS AND INSTRUMENTATION 
Flat-Tensile  Tests 
The  tensile  tests  were  conducted  in  a 445 kN (100 kip)  hydraulic  tensile 
test  machine  using  templin-type  grips.  For  the  elevated-temperature  tests, 
heat  was  applied  to  the  specimen  by  using  electric-resistance  heaters  and  an 
open-ended  tube  furnace  surrounding  the  specimen. The ends  of  the  specimen 
protruded  from  the  furnace  for  easy  insertion  into  the  grips of the  testing 
machine.  Flexible  insulation  was  used  to  seal  the  ends  of  the  furnace. 
Room-temperature  specimens  were  instrumented  with  two  room-temperature 
strain  gages  mounted  back  to  back  at  the  center of he  specimen  to  measure 
longitudinal  strain.  Load  and  strain  were  recorded  during  each  test  by  using 
an X-Y recorder. 
Elevated-temperature  specimens  were  instrumented  with  six  strain  gages 
mounted  to  form  two  back-to-back 45O rosettes as  shown  in  figure 1. Each 
strain  gage  was  an  element of a  single-active-arm  three-wire  bridge  circuit. 
A l l  bridges  were  powered  by  a  constant-voltage  power  supply,  and  strains  were 
measured  by  using  the  unbalanced  bridge  method.  Voltages  from  all  bridge 
circuits  were  recorded on magnetic  tape  at  regular  intervals  during  the  test. 
In  addition,  iron-constantan  thermocouples  (hereinafter  denoted  as  type J thermo- 
couples)  were  adhesive-bonded  to  the  specimens  near  the  gages  to  monitor  speci- 
men  temperature. 
Sandwich-Beam  Tests 
The  test  apparatus  consisted of a  hydraulic  tensile  test  machine  for  room- 
temperature  tests  and  an  Instron  test  machine  for  elevated-temperature  tests,  an 
air-circulating oven, and  a  four-point  loading  frame. The loading  frame,  which 
is  shown  in  figure 4 connected  to  the  hydraulic  test  machine,  is  supported  by 
the  upper  machine  head. The loading  frame  was  fabricated  from  high-strength 
steel  and  was  designed  to  be  several  orders  of  magnitude  stiffer  than  the  test 
specimens  and  to  maintain  a  constant  stress  in  the  test  section. In addition, 
it  was  designed  to  keep  the  distance  between  load  points  fixed  and  to  keep  the 
force  resultants  at  each  load  point  parallel.  The  load-bearing  surface  at  each 
loading  point  included  the  widths of the  beam  and  was 2.03 cm (0.80 in.)  wide. 
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A maximum beam d e f l e c t i o n  of 3 . 0  c m  (1 . 2  i n . )  may be o b t a i n e d  by u s i n g  t h i s  
l o a d i n g  frame. 
For  e levated-temperature  tests, an  oven was p o s i t i o n e d  between t h e  test- 
machine  columns.  The  oven t o t a l l y  e n c l o s e s  t h e  l o a d i n g  a p p a r a t u s  as shown i n  
f i g u r e  5. P o r t s  i n  t h e  top and bottom of the   oven  allowed d i r e c t  c o n n e c t i o n  
be tween  the  load ing  frame a n d  t h e  test machine. 
Spec imen  ins t rumen ta t ion  cons i s t ed  of room- or e l e v a t e d - t e m p e r a t u r e  s t r a i n  
g a g e s  l o c a t e d  n e a r  t h e  c e n t e r  of each beam a n d  o r i e n t e d  l o n g i t u d i n a l l y  a n d  
t r a n s v e r s e l y  to  t h e  beam a x i s  as shown i n  f i g u r e  2. S t r a i n s  were measured i n  
a manner similar to t h a t  for t h e   e l e v a t e d - t e m p e r a t u r e   f l a t - t e n s i l e  tests. The 
a p p l i e d  load was m e a s u r e d  e l e c t r o n i c a l l y  by us ing  the  t e s t -mach ine  load  cell.  
Two t y p e  J thermocouples  were spotwelded to t h e  t i t a n i u m  f a c e  s h e e t  t o  monitor  
the  specimen temperature. Temperatures were measured by us ing   an  ice b a t h  a s  
t he   co ld - junc t ion   r e fe rence   t empera tu re .   Measu remen t s  were recorded  on magne- 
t i c  t a p e  a t  r e g u l a r  i n t e r v a l s  d u r i n g  t h e  test. 
P ic ture-Frame Shear  Tes ts  
The test a p p a r a t u s  c o n s i s t e d  o f  a 445 kN (100 k i p )  h y d r a u l i c  t e n s i l e  test 
machine, a h y d r a u l i c   c y l i n d e r   w i t h  a l o a d  cel l ,  and a load ing   appa ra tus .   The  
specimen was l o a d e d  b i a x i a l l y  w i t h  t h e  t e n s i l e  l o a d  c o m p o n e n t  a p p l i e d  v e r t i c a l l y  
by u s i n g  t h e  h y d r a u l i c  test machine,  and  with  the  compressive  load  component 
a p p l i e d  h o r i z o n t a l l y  by u s i n g  t h e  h y d r a u l i c  c y l i n d e r  as shown i n  f i g u r e  6. 
The t e n s i l e  and  compress ive  loads  were measured independent ly  by load cells. 
For tests a t  e l e v a t e d  t e m p e r a t u r e s ,  a qua r t z - l amp  rad ia to r  was i n s t a l l e d  o n  
e a c h   s i d e  of t h e  test specimen as shown i n  f i g u r e  7.   For  uniform  temperatures 
a n d  f a s t e r  h e a t i n g ,  t h e  steel blocks on   the   e leva ted- tempera ture   spec imens  were 
ex tended  in  wid th  to allow f o r  a 9.5-mm (0 .375-in.)   d iameter   hole  to be d r i l l e d  
th rough  the  l eng th  o f  each  b lock  and  ca r t r idge  hea t ing  e l emen t s  i n se r t ed  and  
e n e r g i z e d   d u r i n g   t h e  test. Power to t h e   q u a r t z   l a m p s   a n d   c a r t r i d g e   h e a t e r s  was 
c o n t r o l l e d  s e p a r a t e l y .  
The p ic ture- f rame shear  spec imens  were ins t rumented  as recommended i n  ref- 
erence 1 0  and as shown i n  f i g u r e  3. R o s e t t e - t y p e  s t r a i n  g a g e s  were used to  mea- 
sure s t r a i n .   T h r e e   t y p e  J thermocouples were used (see f i g .  3 )  to monitor  and 
c o n t r o l  t h e  temperature. S t ra in   load   measurements  were recorded  on magnet ic  
tape at r e g u l a r  i n t e r v a l s  d u r i n g  t h e  tes t ,  and temperatures were recorded  on 
a 12-channel recorder. 
TEST  PROCEDURE 
Prior to e leva ted- tempera ture  tests, temperature s u r v e y s  were made on  each 
type of  specimen with the appropriate h e a t i n g  a p p a r a t u s  to de te rmine  the  power 
s e t t i n g s  and times r e q u i r e d  t o  a t t a i n  a n e a r l y  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  
o v e r   t h e  t es t  r eg ion .   These   hea t ing   cond i t ions  were subsequen t ly   u sed   du r ing  
the  mechan ica l  p rope r ty  tests i n  which temperatures  were monitored a t  on ly  one  
or t w o  l o c a t i o n s  o n  t h e  s p e c i m e n .  
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For all  tests  except  the  room-temperature  Bsc/Al  flat-tensile  tests,  volt- 
ages  from  load  transducers  were  recorded  and  regression  analyses  were  used  to 
obtain  first-  and  second-order  polynomial  rel.ations  between  load  and  voltage. 
These  relations  were  programmed  into  the  data-acquisition  system  along  with 
specimen  dimensions  to  convert  load  transducer  output  voltage  into  stress  during 
a test.  Maximum  applied  loads  were  obtained  from  load  indicators on the  testing 
machines. In addition,  prior to a  test  all  strain-gage  bridge  circuits  were 
balanced  at  the  test  temperature.  During  a  test,  bridge  voltage  outputs  were 
converted  to  strain by  the  data-acquisition  system  using  the  linear  bridge  equa- 
tion. Gage  factors at  the  test  temperatures  were  obtained  from  the  manufac- 
turer's  data  sheets. The bridge  voltage  in  all  tests  was 6 volts.  For  the 
sandwich-beam  tests,  strain-gage  data  were  corrected  for  the  effects  of  trans- 
verse  strain  on  the  gage. The  magnitude  of  this  correction  was  less  than 1 per- 
cent  of  the  strain  reading  of  the  gage. 
Flat-Tensile  Tests 
Room-temperature  tensile  tests  were  made by using a  testing-machine  cross- 
head  speed of 1.27 mm/min  (0.05  in/min).  Load  and  strain  were  recorded  during 
the  test  by  using  an X-Y recorder  and  were  subsequently  converted  to  digital 
form  and  stored  on  magnetic  tape. 
For  the  elevated-temperature  tensile  tests,  the  test  procedure  typically 
consisted of clamping  the  specimen  in  the  upper  grips  of  the  testing  machine, 
positioning  the  furnace  around  the  specimen,  and  heating  the  specimen to the 
desired  temperature.  Approximately 30 minutes  were  required  to  reach  a  test 
temperature of 505 K (45OOF) with  an  additional 20 minutes  required  for  the 
specimen  temperature to stabilize.  The  lower  grips  were  attached  to  the  speci- 
men  after  the  specimen  reached  the  test  temperature.  The  various  laminates 
were  loaded  to  failure  at  the  load  rates  specified  in  table  III(a). 
Sandwich-Beam  Tests 
Sandwich-beam  tension  and  compression  tests  were  made at  room  temperature 
and  elevated  temperature  by  using  the  initial  testing-machine  crosshead  speeds 
shown  in  table  III(b). The  lower  crosshead  speeds  allowed  examination  of  the 
mechanical  properties  at  low  strain  values.  Crosshead  speeds  were  increased  up 
to 2.5  mm/min (0.1 in/min)  during  the  test  for  laminates  exhibiting  plasticity. 
In  all  tests,  loading  continued  until  the  composite  failed or excessive  deforma- 
tion  was  present  in  the  beam. Data  obtained  from  each  test  included  strain  from 
the  four  strain  gages  and  the  applied  load. 
For the  elevated  temperature  tests,  a  specimen  instrumented  with  seven 
thermocouples  was  placed  in  the  loading  frame  and  heated  in  the  oven to deter- 
mine  the  temperature  variation  in  the  specimen. The  temperature  distribution 
was  uniform  over  the  beams  within fl K (+2°F) with a heat-up  time  from  room 
temperature to 505 K (45OOF)  of  approximately 60 minutes. During  a  test  the 
temperature  was  monitored on the  titanium  flange  near  the  center  and  near  one 
end of the  beam. 
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Picture-Frame Shear Tests 
The tensile and compressive load components were applied equally and s imul -  
taneously to apply shear load to t h e  picture-frame specimen. Outputs from the 
load cells were recorded electronically along w i t h  t h e  output from t h e  s t ra in  
gages. During specimen loading, load and s t r a in  were recorded by a multichannel 
recording system at  intervals  of once every 5 seconds u n t i l  nonlinear behavior 
was observed i n  the load-strain data, and thereafter once every 2 seconds to  
specimen fai lure .  The strain output from eight strain gages was monitored dur- 
ing  the test  to observe specimen response to load. 
The testing sequence en ta i l s  balancing the strain gages, loading the speci- 
men to  4 .45  kN (1000 l b f ) ,  zeroing t h e  gages, and t h e n  proceeding to  load the 
specimen to  fa i lure  a t  a ra te  of 44.5 kN/min (10 000 lbf/min) . Elevated- 
temperature tes t s  were conducted a t  450 K (35O0F) and 505 K (450OF). The t e s t  
sequence for the elevated-temperature t e s t s  involved heating the specimen t o  
the t e s t  temperature and holding it for 20 minutes t o  allow the temperature 
to  s tabi l ize;  then, the strain gages were balanced and t h e  specimen was loaded 
to  fa i lure .  
DATA ANALYSIS 
Nonlinear stress-strain behavior was exhibited by each of the Bsc/Al lami- 
nates, and analytical expressions relating t h i s  behavior were obtained for each 
se t  of replicate tests to provide t h e  structural  analyst  w i t h  a convenient 
method for relating stress and s t ra in .  Polynomial equations were obtained by 
using polynomial regression analyses and stress-strain data from replicate 
tes ts .  T h i s  method  was unsuitable, however, because  waviness i n  the  higher 
order polynomial curves d id  not satisfactorily represent actual material 
behavior. Attempts were  made to define a Ramberg-Osgood equation of the form 
for each se t  of repl icate  tes ts  by u s i n g  a least-squares technique. T h i s  tech- 
nique was successful for a l l  laminates except those exhibiting a bimodular 
stress-strain behavior.  (See f i g .  8.) For these  laminates  the bimodular 
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was  derived  and  used  successfully to  relate the  stress-strain  response  of 
the bimodular laminates. The constants E,, Emin, c0, and A€ in equa- 
tions  (2a)  and  (2b)  are  graphically  defined  in  figure 8 and  were  determined 
from  plots  of  the  stress-strain  and  tangent-modulus-strain  data.  The  constant 
C in  equation  (2a)  determines  the  width  of  the  transition  region  (shown 
in  fig. 8)  in  the  stress-strain  curve  and  was  determined by selecting  the 
value  of C, by inspection,  that  best  represented  the  stress-strain  data  in 
the  transition  region.  The  resulting  Ramberg-Osgood  and  bimodular  stress- 
strain  curves  are  presented  subsequently  for  the  room-temperature  and  505 K 
(45O0F)  tests  of  the six B s c / A l  laminates  along  with  tangent  modulus-strain 
curves  that  were  obtained  by  differentiating  the  stress-strain  equations.  The 
constants  defining  each  stress-strain  curve  are  given  in  the  corresponding  fig- 
ure in U.S. units  (psi). A typical  comparison  between  a  replicate  set  of 
stress-strain  data  used  in  the  analysis  and  the  resulting  Ramberg-Osgood  equa- 
tion is shown in figure 9(a) for the laminate in compression. A similar 
comparison  with  the  bimodular  equation  is  shown  in  figure  9(b)  for  the  [0/+45]s 
laminate  in  compression. 
TEST  RESULTS 
Test  results  are  presented for  stress,  strain,  tangent  modulus,  and 
Poisson's  ratio.  Tests  were  conducted  at  room  temperature,  505 K (450°F), 
and  at  an  intermediate  temperature  of  either 422 K (300OF) or 450 K (350OF). 
Stress-strain  data  are  shown  for  the  room-temperature  and  505 K (4 O0F)  tests. 
Stress-strain  data  for  the  intermediate  temperatures  are  not  shown  because  they 
are  similar  to  the  room-temperature  tests  results. 
Flat-Tensile  Tests 
Stress and  tangent  modulus  as  a  function  of  strain  for  the six  laminate 
orientations  tested  at  room  temperature  are  shown  in  figure 10. Specimens for 
each  laminate  were  tested  both  in  the  "as-received"  condition  and  after  under- 
going  a  temperature  cycle  typical  of  the  cycle  required  for  a  brazing  operation 
in  panel  fabrication to  determine the  effects  of  the  braze-temperature  cycle on 
tensile  properties. The data  in  figure 10 indicate  a  nonlinear  relation  between 
stress  and  strain  for  longitudinal  strains  less  than  approximately 0.002  for  all 
laminates.  By  using  tables IV and V a  comparison  can  be  made  of  values  of  tan- 
gent  modulus  at  zero  and  0.002  strain  and  of  values  of  maximum  stress  and  strain 
between  specimens  tested  after  exposure  to  the  braze-temperature  cycle  and  in 
the  "as-received"  condition  for  each  iaminate.  The  data  in  tables IV and V 
indicate  that  the  braze-temperature  cycle  had  little  effect on the [Og]T, 
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r ( ? 4 5 ) 2 1 ~ ,  and rO/+45is laminates; d e c r e a s e d  t h e  maximum stress by  19  percent  
a n d  t h e  maximum s t r a i n  by a t  least  20 p e r c e n t  i n  t h e  r9061T laminate; increased 
the   t angen t   modu lus  (at  E = 0.002) by 28 p e r c e n t  i n  t h e  r9O/O/9O/OIs lamina te ;  
and i n c r e a s e d  t h e  maximum stress i n  t h e  r90/0/9O/O]s l a m i n a t e  by 21 p e r c e n t .  
S t r e s s - s t r a i n  c u r v e s  and corresponding tangent-modulus-s t ra in  curves for 
t h e  s i x  l a m i n a t e  o r i e n t a t i o n s  t e s t e d  a t  505 K (450°F) are shown i n  f i g u r e  1 1 .  
The data indicate  a n o n l i n e a r  r e l a t i o n  b e t w e e n  stress a n d  s t r a i n  below a l o n g i -  
t u d i n a l  s t r a i n  of 0.002 similar to t h a t  a t  room t e m p e r a t u r e  for a l l  l a m i n a t e s  
e x c e p t  t h e  rO6lT l amina te  in  wh ich  the  modu lus  decreases a t  a n e a r l y  c o n s t a n t  
rate wi th   s t r a in .   Compar i sons  of maximum stress a n d  s t r a i n  v a l u e s  a t  room 
tempera ture ,  422 K (300°F),  and  505 K (450°F) for t h e s e  l a m i n a t e  o r i e n t a t i o n s  
can  be made from t a b l e s  V and V I .  The l a r g e s t  c h a n g e s  i n  maximum stresses 
between room temperature   and 422 K (30O0F) are a 1 4 - p e r c e n t  i n c r e a s e  i n  t h e  
maximum stresses of t h e  r9061T  and  [02/+45Is  laminates.  A t  505 K (450°F), 
however,   the r9061T l a m i n a t e  d a t a  i n d i c a t e  a 2 9 - p e r c e n t  d e c r e a s e  i n  maximum 
stress f rom  the   va lue  a t  room tempera ture .   The   va lues  of maximum stress are  
shown g r a p h i c a l l y  i n  f i g u r e  1 2  as a func t ion   o f   t empera tu re .   La rge   r educ t ions  
i n  maximux s t r a i n  ( 4 8  p e r c e n t  a t  505 K (450OF)) are also i n d i c a t e d  for t h e  
r9061T l a m i n a t e   w i t h   i n c r e a s i n g  temperature. The maximum s t r a i n  i n  t h e  
c O 2 / + 4 5 ] ~  l a m i n a t e  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  ( 1 5  p e r c e n t  a t  422 K 
(300OF) and  19 percent a t  505 K ( 4 5 0 O F ) ) .   S i g n i f i c a n t l y  lower tangent-modulus 
v a l u e s  ( a t  E = 0.002) were observed  for a l l  laminates e x c e p t   t h e  rO61T l a m i n a t e  
a t  505 K (450OF).  This may be   caused   by   mat r ix   degrada t ion  a t  e l e v a t e d  tempera- 
t u r e s .  S l i g h t  c h a n g e s  i n  P o i s s o n ' s  r a t io  are also apparent   be tween 422 K 
(300OF) and  505 K (45O0F) for the  10/+45]8  and  rO2/+45ls   laminates  as shown i n  
t a b l e  V I .  T h e  a n g l e  b e t w e e n  t h e  l o a d i n g  a x i s  a n d  t h e  p r i n c i p a l  s t r a i n  a x i s ,  
as de termined  f rom the  gage  rosette d a t a  t a k e n  a t  e l e v a t e d  t e m p e r a t u r e ,  was 
u s u a l l y  less t h a n  3O. 
Sandwich-Beam T e n s i l e  T e s t s  
Room-tempera ture  and  e leva ted- tempera ture  s t ress -s t ra in  curves  and  cor- 
r e s p o n d i n g  t a n g e n t - m o d u l u s - s t r a i n  c u r v e s  f o r  t h e  s i x  l a m i n a t e  o r i e n t a t i o n s  
t e s t e d  are shown i n   f i g u r e   1 3 .   F o r   a l l   l a m i n a t e s   e x c e p t   t h e  rO61T l a m i n a t e ,   t h e  
data i n d i c a t e  a n o n l i n e a r  r e l a t i o n  similar t o  t h a t  f r o m  t h e  f l a t - t e n s i l e  tests 
below a l o n g i t u d i n a l  s t r a i n  o f  0 . 0 0 2 .  F a i l u r e  of the   s andwich  beams f o r  t h e  
t e n s i l e  tests a l w a y s  o c c u r r e d  i n  t h e  composite w i t h i n  t h e  test  s e c t i o n .  A sum- 
m a r y  o f  t h e  t e n s i l e  properties from  sandwich-beam tests is g i v e n  i n  t a b l e  V I I .  
A comparison of room-temperature properties from f l a t - t e n s i l e  tests 
( t a b l e  V) w i t h  t h e  properties from sandwich-beam tests ( table  V I I )  i n d i c a t e s  
d i f f e r e n t  results for the   f9061Tr   C(+45)2ls ,   and   [0 /+45ls   l amina tes .   The  
results from t h e  sandwich-beam tests for t h e  r9061T l a m i n a t e  i n d i c a t e  t h a t  t h e  
tangent  modulus a t  a s t r a i n  o f  0.002 i n c r e a s e d  50 p e r c e n t  a n d  t h e  maximum stress 
i n c r e a s e d  46 p e r c e n t  a b o v e  t h e  v a l u e s  o b t a i n e d  i n  t h e  f l a t - t e n s i l e  tests. A 
similar comparison for t h e  [ 0 / + 4 5 ] ~  l a m i n a t e  i n d i c a t e s  d e c r e a s e s  of 1 3  p e r c e n t  
i n  maximum stress and  17  pe rcen t  i n  max imum-s t r a in  va lues  ob ta ined  from t h e  
sandwich- beam tests . 
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A  comparison  of  room-temperature  and  elevated-temperature  results  from 
table  VI1  indicates  that  elevated  temperature  had  little  effect on mechani- 
aminate  were  significantly  degraded  at  an  elevated  temperature. In 
elevated  temperature.  Slight  changes in Poisson's  ratios  are  also  apparent 
between  room  temperature  and  elevated  temperatures  for  all  laminates  except  the 
[ 90/0/90/03 s laminate. 
of the r 061 laminate,  but  the  maximum  stress  and  strain  of  the 
maximum  stress  and  strain  in  the r 0/?45] s laminate  increased  at 
Comparisons  of  Poisson's  ratios  at  elevated  temperature  from  flat-tensile 
tests  (table  VI)  and  from  table VII for  each  of  the  laminates  indicate  that 
higher  values of Poisson's  ratios  were  obtained  during  the  flat-tensile  tests. 
In addition,  similar  comparisons of the  maximum  stress  and  strain  values  for 
the r 9061 T laminate  indicate  a  higher  maximum  stress,  but  lower  maximum  strain 
was  obtained  for  this  laminate  in  the  sandwich-beam  tests  at 505 K (450OF). 
This  occurs  because  higher  strain  rates  were  used  for  the r 9061 T laminate 
sandwich-beam  tests  at 505 K (450°F) than  were  used  in  the  flat-tensile  tests 
and,  at  elevated  temperature,  the  strengths of aluminum  alloys  increase  with 
an  increase  in  strain  rate.  A  graph  of  maximum-stress  data  as  a  function  of 
temperature  from  the  sandwich-beam  tests i shown  in  figure 14. 
The present  results  for  the 1061 T and r (+45)  21 s Bsc/Al  laminates  at  room 
temperature  are  compared  in  figure 15 with  similar  results  given  in  refer- 
ence 1 1  for  boron/aluminum. Figure 15 indicates  that  the [ 061 T boron/aluminum 
laminate  is  stronger  and  stiffer  than  the 1061 T Bsc/Al  laminate,  and  the 
1 (+45)  21 s boron/aluminum  laminate  has  a  higher  initial  modulus  and  higher 
strength  than  the 1 (f45) 21 s Bsc/Al  laminate. 
Sandwich-Beam  Compression  Tests 
Room-temperature  and  elevated-temperature  stress-strain  curves  and  cor- 
responding  tangent-modulus-strain  curves  for  the  six  laminate  orientations 
tested  are  shown  in  figure 1 6 .  A summary  of  the  laminate  mechanical  properties 
from  the  sandwich-beam  compression  tests  is  given  in  table  VIII.  For  most  of 
the  laminates  the  data  indicate  a  nonlinear  relation  between  stress  and  strain 
below  a  longitudinal  strain  of 0 . 0 0 2  which  is  similar  to  that  for  the  tensile 
tests.  Initial  values  of  Poisson's  ratio  obtained  from  both  tensile  and  com- 
pression  sandwich-beam  tests  were  nearly  equal  for  a  given  laminate. 
In all  compression  tests  except  those  involving  the 1 (k45)  21 s and [ 9061 T 
laminates,  beam  failure  occurred  by  fracture  in  the  Bsc/Al  face  sheet  either 
under or adjacent  to one of  the  inner  loading  pads. The (+45 )  21 s Bsc/Al  face 
sheets  did  not  fracture  and  these  tests  were  terminated  when  the  center  deflec- 
tion of the  beam  reached 3.0 cm ( 1 . 2  in.) (the  maximum  deflection  allowed  by 
the  loading  apparatus) . Failures  in  the 190 1 Bsc/Al face  sheets  occurred  in 
the  test  section  between  the  inner  loading  points  of  the  beam.  Thus,  the  maxi- 
mum  compressive  stress  and  strain  data  presented  for  all  lamin'ates  except  the 
6 . T  
906IT laminate  may  be  conservative. 
1 1  
Picture-Frame  Shear  Tests 
Shear  stress  and  tangent-shear  modulus a  a  function  of  strain  from  the 
picture-frame  tests  at  room  temperature  and 505 K (45OOF) are  shown  in  fig- 
ure 17. A  summary  of  the  test  results  is  given  in  table  IX.  The  data  in 
table  IX  indicate  that  short-term  exposure  to  elevated  temperature  has  little 
effect on the  maximum  stress  and  strain of the [ ( f 4 5 ) 2 ] ~  laminate.  However, 
there is a  deleterious  effect on most  of  the  mechanical  properties  of  the  remain- 
ing laminates, with the most severe effect occurring in the and [90/0/9O/o]s 
laminates.  The  maximum  shear  stress  was  reduced 18 percent  in  the [O2/+45Is 
laminate,  approximately 30 percent  in  the [ 0 / + 4 5 ] ~  laminate, 40 percent  in 
the [O(j]T laminate,  and 46 percent  in  the [90/0/9O/o]s laminate. Curves of 
maximum  shear  stress as a  function  of  temperature  are  shown  in  figure 18. 
CONCLUSIONS 
Room-  and  elevated-temperature  material  properties  were  determined  for six 
Borsic/aluminum  (Bsc/Al)  laminates  after  the  laminates  were  subjected  to  a 
braze-temperature  cycle. The material-property  data  are  presented  in  tables  and 
in  figures  indicating  stress  and  tangent  modulus  as  a  function  of  strain.  The 
following  conclusions  are  presented: 
1. Each of the six Bsc/Al  laminates  tested  in  tension,  compression,  and 
shear  showed  some  degree  of  nonlinear  behavior  in  stress  as  a  function  of 
strain. As expected, this nonlinearity was the least in the laminate 
in  tension  and  compression  and.  in  the [ ( + 4 5 ) 2 ] ~  laminate  in  shear,  and  it  was 
most  apparent  during  initial  loading  (where  normal  strain  was  less  than 0 . 0 0 2 ) .  
2 .  The braze-temperature  cycle  decreased  the  room-temperature  tensile 
maximum’stress and  maximum  strain  in  the [906]T laminate  and  increased  the  tan- 
gent  modulus  and  maximum  stress  in  the [90 /0 /90 /0 ]~  laminate. No significant 
changes  due  to  the  braze-temperature  cycle  appeared  in  the  tensile  mechanical 
properties  of  the  remaining  laminates. 
3. The  tensile  properties  of  the r906]T laminate  were  significantly 
degraded  at 505 K (450°F), and  the  maximum  strains  in  the [ O / f 4 5 ] ~  and rO2/-+45Is 
laminates  increased  over  their  room-temperature  values. 
4.  At  elevated  temperatures,  higher  values  of P isson’s ratio  were  obtained 
from  flat-tensile  tests  than  from  sandwich-beam  tests  in  tension. 
5. Short-term  exposure  at 505 K (450°F) reduced  the  shear  modulus  and 
maximum  shear  stress  in  all  laminates  except  the [ ( + 4 5 ) 2 ] ~  laminate.  The 
shear  properties of the [ ( - + 4 5 ) 2 ] ~  laminate  were  only  slightly  affected by 
elevated  temperature. 
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6 .  I n i t i a l  v a l u e s  
press ion sandwich-beam 
of Po i s son ' s  ra t io  obta ined  from b o t h  t e n s i l e  and corn- 
tests were nearly equal  for a given laminate.  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
December 4, 1 980 
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WLE I . -  BSC/Al TEST MATRIX INDICATING  TEE OF SPECIMWS TESTED 
o r i e n t a t i o n  
Laminate 
( a )   F l a t - t e n s i l e  tests 
- 
Temperature for  condi t ion  - 
























(b) Sandwich-beam tests and picture-frame  shear tests 







o r i e n t a t i o n  
Laminate 
temperature 
~ ~ ~~ 
Sandwich-beam t e n s i l e  tests 
1 Sandwich-bean coinpression tests 
P ic ture - frme  shear  t e s ta  
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TABLE 11.- BORSIC/ALUMINUM  LAMINATES  TESTED 
ply  orientation, Fiber-volume 
deg fraction,  percent 
~ 
Outer  surfaces: 0.127-mm (0.005-in.) 1100 Al; 







Outer surfaces: 0.090-mm (0.0035-in.) 6061 A1 
on both  surfaces 
1 0/+451 s 41.8 
bo61 T 42.4 
16 
TABLE 111.- LOADING  RATES AND INITIAL CROSSHEAD 
SPEEDS USED IN  TESTS 
(a)  Loading  rates used in elevated 
temperature  flat-tensile  tests 
Laminate 
kN/min (lbf/min) orientation 
Loading  rate, 
4 . 4 5   ( 1 0 0 0 )  
.89  (200)  
1 . l l  ( 2 5 0 )  
2 . 6 7  (600) 
2 . 2 2   ( 5 0 0 )  
1 . 7 8   ( 4 0 0 )  
(b)  Initial  testing-machine  crosshead  rates used  in 
sandwich-beam  tests 
Crosshead  rate 
mm/min (in/min)  ,at -
Room  temperature 
1 . 2 7   ( 0 . 0 5 )  
. 5 1   ( 0 2 )  
. 5 1   ( 0 2 )  
1 . 2 7   ( . 0 5 )  
1 . 2 7   ( . 0 5 )  
1 . 2 7   ( . 0 5 )  
505 K (450OF) 
1 . 2 7   ( 0 . 0 5 )  
1 . 2 7   ( . 0 5 )  
. 5 1   ( 0 2 )  
1 . 2 7   ( . 0 5 )  
1 . 2 7   ( . 0 5 )  
1 . 2 7   ( . 0 5 )  
17 





(+45)  21s 
90/0/90/0 
0/+45 3 s 
IS 
ON Bsc/Al  IN  THE  "AS-RECEIVED"  CONDITION 
E at E = 0, 
GPa  (psi) 
(a) 
225  (32.6 x lo6) 
157  (22.8 x lo6) 
114  (16.5 x lo6) 
153  (22.1 x l o 6 )  
151 (21.9 x lo6) 
E at E = 0.002, 
GPa  (psi) 
(a) 
193  (28.0 x lo6) 
11.9  (1.72 x lo6) 
11.3  (1.64 x lo6) 
68.3  (9.90 x l o 6 )  






174  (25.3) 
452  (65.63 








aFrom  stress-strain  equation. 
bAverage  from  replicate  tests. 
TABLE V.- SUMMARY OF  BSC/Al  DATA  FROM  FLAT-TENSILE TESTS AT ROOM  TEMPERATURE 
AFTER  EXPOSURE TO A BRAZE-TEMPERATURE  CYCLE 
E at E = 0, 
GPa  (psi) 
(a) 
209  (30.3 x 1 06) 
159  (23.0 x lo6) 
118  (17.1 x lo6) 
135  (19.5 x lo6) 
131 (19.0 x lo6) 
150  (21.8 x lo6) 
E at E = 0.002, 
GPa  (psi) 
(a) 
187  (27.1 x lo6) 
10.3  (1.50 x lo6) 
9.9  (1.43 x 106) 
87  (12.6 x lo6) 
72  (10.5 x lo6) 
102  (14.8 x lo6) 
7 
omax 
m a  (ksij 
(b) 
1110  (161) 
119  (17.2) 
177  (25.6) 
547  (79.4) 
452  (65.6) 










aFrom  stress-strain  equation. 
bAverage  from  replicate  tests. 
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TABLE VI.- SUMMARY OF Bsc/Al DATA  FROM FLAT-TENSILE TESTS AT  ELEVATED 
TEMPERATURES AFTER.EXWSURE TO A BRAZE-TEMPERATURE CYCLE 





1103  (160)  
135   (19 .6)  
182   (26 .4)  
547  (79.3)  
463   (67 .2)  


















( b )  Mechanical properties  at 505 K (45O0F) 
-= "" ___ "" _"
E at E = 0, 
GPa (psi) 
(b) - - .. "- 
199  (28 .8  x 106)  
81 (11 .7  x l o 6 )  
77  (11.2 x 106)  
1 3 3   ( 1 9 . 3  x l o 6 )  
116  (16.8 x l o 6 )  
143   (20 .8  x l o6 )  
. 
E at E = O  
GPa (psi 
(b) - "- 
179  (26 .0  x 
9.3   (1 .35  x 
5.2  (0 .76 x 




1055  (153)  
84  (12.2)  
177   (25 .7 )  
514  (74.6)  
434  (63.0) 
594  (86.2)  

















aAverage  from replicate tests. 
bFrom stress-strain  equation. 
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TABLE VI1.- SUMMARY OF Bsc/Al LAMINATE DATA FROM SANDWICH-BEAM TENSILE TESTS 
.~ . 
I I 
Laminate E at E = 0.002, E a.t E = 0, 
orientation GPa (psi) GPa (psi) 
(a) (a) 
~ . - .. . . . . 
~~ ~ . 
Room temperature 







-~ - . " . I  i 
- ~~~~ 
181  (26.2 x lo6) 
15.9  (2.3 X lo6) 
18 (2.6 x lo6) 
96  (13.9 x lo6) 
73 (10.6 x lo6) 
102 (14.8 x lo6) 
450 K (350°F) 
201 (29.1 x lo6) 
19  (2.8 x lo6) 
15 (2.2 x lo6) 
114 (16.5 x lo6) 
90 (13.0 x lo6) 
130 (18.8 x lo6) 
505 K (450°F) 
~~ 
~ .~ . " __- 
194 (28.1 x lo6) 
128 (18.6 x lo6) 
66 (9.6 x lo6) 
118 (17.1 x lo6) 
149 (21.6 x lo6) 
185 (26.8 x lo6) 






. .. - 















- ~ - ". 









222 (32.2 x 10% 
120 (17.4 x lo6) 
97 (14.1 x lo6) 
141  (20.4 x lo6) 
157 (22.8 x lo6) 
1069 (155) 
132 (19.2) 








.0053 167 (24.2 x lo6) 
216  (31.3 x lo6) 
166  (24.0 x lo6) 
0.0054 
,0021 
200 (29.0 x lo6) 1055 (153) 
"- 120  (17.4) 
9.0  (1.3 x l o 6 )  149  (21.6) 93  (13.5 x lo6) >. 009 
.0061 [g0/0/90/0]~ 625 (90.7) 105  (15.3 x lo6) 172 (25.0 x lo6) 
o/+451 s 
[o2/f45I s 
464 (67.3) 77 (11.2 x lo6)  144 (20.9 x 106) 
131  (19.0 x lo6) 165  (24.0 x lo6) -" 
~ -. - . ~- . ~ 
aFrom  stress-strain  equation. 




. . . . . . _ 
TABLE VII1.- SUWIARY OF Bsc/Al LAMINATE DATA FROM SANDWICH-BEAM COMPRESSION TESTS 
Laminate 
orientation 
117   (17 .0  x IO6) 21 (3 .0  x IO6) 
139  (20.1 x lo6)  1 5   ( 2 . 2  x IO6) 
149   (21 .6  x l o 6 )  123   (17 .8  x l o 6 )  
131  (19.0 x IO6) 76  (11.0 x l o 6 )  
162   (23 .5  x l o 6 )  101  (14.6 X l o 6 )  
~- . -.
190   (27 .5  x IO6) 
118   (17 .1  x l o 6 )  
83 (12 .1  x IO6) 
108   (15 .6  x l o 6 )  
117   (17 .0  x I O 6 )  
120   (17 .4  x l o 6 )  
179   (26 .0  x IO6) 
1 1 3   ( 1 6 . 4  x IO6) 
76  (11.0 x IO6) 
224  (32.5 x l o 6 )  
1 0 5   ( 1 5 . 2  x l o 6 )  
115   (16 .7  x l o6 )  
450 K (350°F) 
183   (26 .5  x l o 6 )  
24  (3 .5  x l o 6 )  
1 7   ( 2 . 4  x l o 6 )  
108   (15 .6  x l o 6 )  
78   (11 .3  x l o 6 )  
106   (15 .4  x l o 6 )  
505  K (45O0F) 
169   (24 .5  x l o 6 )  
1 6   ( 2 . 3  x l o 6 )  
11  (1 .6  x lo6)  
101  (14.6 x lo6)  
71 (10 .3  x l o6 )  
107   (15 .5  x l o6 )  
"" 









1558   (226)  
1276  (185)  
265   (38 .4 )  
>220 (31  .9)  
855 (124)  
141 3 (205)  
1076   (156)  
1 1 9 3   ( 1 7 3 )  
200  (29.0)  
>159  (23 .1)  
807   (117)  
1227   (178)  





































aFrom  stress-strain  equation. 
.bAverage from replicate tests. 
P 
TABLE IX.- SUMMARY OF Bsc/Al  LAMINATE  DATA FROM PICUTRE-FRAME SHEAR TESTS 
Laminate  G  at y = 0, I orientation  GPa  (psi) G  at y = 0.002, Tmax 1 GPa  (psi) MPa  (ksi) Ymax 
(a) (b) (b) ~- 
Room  temper  at ure 
37 (5.3 x 106) 8.3 (1.2 x lo6) 105 (15.2) 
134  (19.4 x lo6) 55  (8.0 x lo6) 312  (45.3) 
33  (4.8 x lo6) 7.6 (1.1 x lo6) 112  (16.3) 
63  (9.16 x lo6) 43  (6.2 x lo6) 319  (46.3) 
108  (15.6 x lo6) 33  (4.8 x lo6) 251 (36.4) 
450 K (350OF) 
16  (2.3 x 106) 
81  (11.7 x lo6) 
49  (7.1 x lo6) 
110  (15.9 x lo6) 
9.0  (1.3 x lo6) 83  (12.1) 
46  (6.7 x lo6) "_ 
4.4  (0.64 x lo6) 80  (11.6) 
39  (5.7 x 106) 259  (37.5) 
505 K (450OF) 
6 . 9  (1.0 x lo6) 
46 ( 6 . 6  x lo6) 
3.7  (0.54 x l o 6 )  
36  (5.2 x lo6) 
26  (3.8 x lo6) 
63  (9.2) 
284  (41.2) 
61 (8.8) 
228  (33.0) 
















aFrom  stress-strain  equation. 
bAverage  from  replicate  tests. 
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Oo f i b e r  
d i r e c t i o n  
S t r a i n  
gages 




( 1 2 . 0 )  
+ 1 2 . 7   ( 0 . 5 )  
- 2 5 . 4   ( 1 . 0 )  
I- 3.05 
( 0 . 1 2 )  
Figure 1.- Configuration and instrumentation  of  flat-tensile  specimen. 
Dimensions are given in millimeters  (inches) . 
23 
208  kg/n3  (13.0 lbm/ft3) 112 kg/m3 (7.0 lbm/ft3) 
vented  T i  c o r e  vented T i  c o r e  
I 
App l i ed  loads  I 
0.318 (0.125) 
face sheet 
S t r a i n  gages I 
I 
0' f i b e r  
d i r e c t i o n  
(1.00) 2 54 t =\; -A- - - 
1.3 (0.5) -1 +\ I '  0.89 (0.35) 
Type J 
thermocouple  LC 0.64 (0.25) 
Figure 2.- Configuration of sandwich-beam  test  specimen.  Dimensions  are  given in 
centimeters  (inches) unless  otherwise stated. 
Test  material 
Honeycomb  core 
Steel  block 7 Steel  doubler 7 
Cartridge 1 
heater  hole 17.. 78 (7.00) typical 
25.73 (10.13) typical 
I -  I 
Type J thermocouple 
(back  to back at  center) 
Section  A-A 
7 
715.24 (6.00) typical / 
Bolt  holes 
Strain-gage  rosettes 
(back  to  back) 
Applied 
loads 
Figure 3.- Configuration of picture-frame  shear specimen. Dimensions  are  given 
in centimeters  (inches). 
L-76-5489 
Figure 4.- Loading  apparatus  used in sandwich-beam tests. 
Figure 5.- Assembled  heating  and  loading  apparatus  used in sandwich-beam tests. 
27 
L-73-3882 
Figure 6.- Loading  apparatus  used in picture-frame  shear tests. 
L-75-7170 
Figure 7.- Heating  apparatus  used in picture-frame 
shear t e s t s  
a 
I Trans i t i on  r eg ion  
r 












A = 5.869 x 
U = 1 . 0 7 1  x 10 
N = 4.275 
-21  - 



















= 2 .00  x 10 7 Ernax 
Emin = 1.00 x 10 7 
'  





0 ,  




(a) [9061T laminate in compression. (b) [0/+45Is laminate in compression. 




1200 r U i r n o d u l a r  eq. 
7 1 l8O 
I: = 3.10 x 10'  
960 = 2.68 x 10 
7 
= 8.00 x 
7 3 n  I c = 1000 / 
4801/ 2 40 
120 












35 x 10 6 
28 
21 
E ,  















k s i  




35 x 10 6 
28 
21 
E ,  




0 .002 .004 .006 
E 
E 
rOg]T laminate  after  exposure  to  a (b) ro61T laminate in 
braze-temperature  cycle. 
Figure 10.- Stress and tangent  modulus as a function  of  strain  from 
flat-tensile  tests  on Bsc/Al laminates. 







A = 4.349 X 
B = 1.342 X 10 -26 
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24 x 10 6 
20 
16 


















A = 4.394 X 
B = 3.090 X 




0 ,  
ks i 
8 








002 .004 .006 .008 .010 
E 
(c) [906IT laminate after exposure to a (dl r906IT laminate in "as-received" condition. 
braze-temperature cycle. 





7 2  
0, 
MPa 
4 8  





E ,  
GPa 
48 
2 4  
0 
(e) r ( k 4 5 )  21s laminate  after  exposure  to 
braze-temperature  cycle. 
x 10 6 
96 
7 2  
0, 
E f P  a 
48 
2 4  
0 ,  
k s  i 
96 
72 
E ,  
GPa 
48 
2 4  
002  .0 4 .006 .008 .010 
E 
a 
0 .002 .004  .006 .008 .010 
E 
(f) 1 (+45 )  21s laminate  in  "as-received"  condition. 
Figure 10.- Continued. 
r 
0 ,  
MPa 
6oo - Bimodular  eq. 
7 -I 80 
= 2.15 X 10 








0 ,  
ksi 
150 r 1 2 0  x 10 6 
120 
90 




0 .002  .0 4 .006 
E 
(9) [90/0/90/0]~ laminate after exposure to a 
braze-temperature cycle. 
0 ,  
MPa 



























0 .002 .004 .006 
E 
(h)  [90/0/90/0]~ laminate in "as-received'' 
condition. 
Figure 10.- Continued. 










. Bimodular eq. 
= 2.10 x 10 Emax 
E = 1.04 x 10 
7 - 80 






150 r 7 20 x 106 
16 
12 
E 9  
8 
psi 
0 .002 .004 .006 
E 
( i )  [0 /+45]  laminate  after  exposure to a 
braze-temperature cycle. 

























24  x 106 3 20 
8 
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50 0 s  
40 










24 x lo6 
20 
16 
0 .002 .004 .006 
E 
(k) [0+45] s laminate after exposure  to a 
braze-temperature cycle. 










Kamberg-Osgood e q .  
A = 3.475 X 10 -8 
B = 2.025 X 10 - 



















50t I I 1: 0 .002  .004  .006 
E 
(a) [ 061 T laminate. 
B = 3 .421  X 10 
-27 
N = 5.870 













Figure 11.- Stress  tangent  modulus as a  function  of  strain  from  flat-tensile  tests at 






k s i  
0 ,  
Bimodular eq. 
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x 10 6 
E, 
p s i  
150 r -, 20 x 10 6 
120 
9 0  




0 .003 .006 .009 .012  .015 
E 
(c) [ ( f 4 5 ) 2 I S  laminate. 
0 .002 .004 .006 
L 
(dl [90/0/90/01, laminate. 
Figure 11.- Continued. 
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v250  350  450  550 
T, K 
Figure 12.- Maximum  tensile  stress as a  function of temperature  from  flat- 
tensile  tests  after  exposure  to  braze-temperature cycle. 
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1200 r 1200 
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A = 3.196 X 10 
B = 1.455 X 10 
















(a) [ o ~ I T  laminate at room temperature. (b) r O &  laminate at 505 K (4500F). 
x 10 6 
E ,  
p s i  
Figure 13.- Stress and tangent  modulus  as a function  of  strain  from  sandwich-beam  tests 
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A = 4.173 X 10 -8 
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. O O l  
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.002 
( c )  (9061T laminate at room temperature. (dl f906lT laminate at 505 K ( 4 5 0 0 ~ ) .  








A = 1.046 x 
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0 .002 .004 .006  .008  .01  
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(e) [ (+-45) 2Is laminate at room temperature. 
0 .002 .004 .006  .008  -010 
t 
(f) [ (+45)2]~ laminate at 505 K (45O0F). 
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Figure 1 3 .- Continued. 
Bimodular e a .  Bimodular ea I 
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(i) [0/+45]s laminate at room  temperature. 
150 
120 





E ,  
psi 
E 
(j) [0/+451s  laminate at 505 K (450OF). 









0 .001 .002 .003 .004 .005 
E 
0, 
ks  i 
x 10 6 
E ,  
p s i  
E ,  
GPa 
600 - 
Bimodu la r  eq. - 80 
480 - = 2.40 x 10 
= 1.90  x 10 
7 
7 Emax 
Emin - 60 
- 70 
360 - E l  = 8.00 x - 50 
C = 3000 
240 - 
120 - - 20 
10 
- 0  
- 








(k) [ 02 /?45]s  laminate at room temperature. (1) r 0 2 / ? 4 5 ] ~  laminate at 505 K (450OF) .  
Figure 13.- Concluded. 
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Figure 14.- Maximum  tensile  stress as a  function of temperature from 
sandwich-beam tests. 
48 
E ,  
GPa 
.002 ,004 .006 
E 
0 ,  









E ?  
p s i  











I - 16 
90 
\ - 12 
- 8  
- 4  
0 
I I I I - 0  





(a) [ O ~ I T  laminate. (b) (+ 45) 21 s laminate. 
Figure 1 5 0 -  Comparison between behavior of boron/aluminum  and Bsc/Al laminate properties at 




Birnodular e q .  
E 
(a)  laminate at room  temperature. 
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= 2.60 X 10 7 Emax - 200 
1280 - = 2.30 X 10 7 
- 160 
0 ,  
- 120 







x 10 6 
E, 
psi 
0 .003 .006 .009 
E 
(b) r O &  laminate at 505 K (450OF). 
Figure 16.- Stress and tangent modulus as  a  function of strain  from  sandwich-beam 
tests  on Bsc/Al laminates in compression. 
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(c) r9061.r laminate at room temperature. 
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(dl r 9 0 6 1 ~  laminate at 505 K (4500F). 













Ramberg-Osgood e q .  
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Figure 16.- Continued. 
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Figure 1 6 .- Continued. 
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(1) [02/?45]~ laminate at 505 K (45O0F). 
Figure 1 6 .- Concluded. 
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(a) [ O s ] T  laminate at room  temperature. 
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(b) [ O ~ ] T  laminate at 505 K (450OF). 
Figure 17.- Stress and tangent  modulus  as  a  function  of  strain  from  picture-frame 
shear  tests  on Bsc/Al laminates. 
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(c) r (+45) 21s at room temperature. (d) c (t.45) 2 I s  at 505 K (450OF). 
Figure 17.- Continued. 
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(e) [ 9 0 / 0 / 9 0 / 0 ]  s laminate at room  temperature. ( f )  r90 /0 /90 /0 ] ,  laminate at 505 K (450OF). 
Figure 17.- Continued. 
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(9) [O/+45]s laminate at room temperature. (h)  [O/+45Is laminate at 505 K (450OF). 
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Figure 17.- Concluded. 
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Figure 18.- Maximum  shear  stress  as a function  of  temperature from picture-frame 
shear tests. 
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